Nanostructured carbons have opened up new perspectives in fields of electromagnetic (EM) applications.
Introduction
During the current decade, with the rapid developments in information technology, electromagnetic (EM) wave radiation is drawing global attention as a new source of pollution.
1,2 To eliminate adverse electromagnetic radiation in healthcare and electronic circuit's performance, much attention has been paid to the development of highly efficient microwave absorber (MA) materials. [3] [4] [5] [6] According to the microwave absorption theory, MA can be divided into dielectric and magnetic loss materials. 4 In this regard, solid particles such as ferrites, ceramics, and their hybrids are conventional materials widely utilized as MA constituents. However, high density, poor chemical stability, narrow frequency band absorption, and high loading content are the main drawbacks hindering practical applications of the above-mentioned materials. Hence, to overcome such problems, special efforts have been devoted to the development and utilization of new alternatives as lightweight and broadband MA.
4,7-13
Typically, broadband dielectric loss composites containing carbon llers such as carbon black, carbon bers, carbon nanotubes as well as porous carbons exhibits signicant performance as MA. This is due to their special features including chemical resistivity, lightweight, and tunable absorbing characteristics. 8, [14] [15] [16] [17] Recently, special efforts have been made to use of porous carbons as efficient MA due to their high specic surface area, porosity, polarizability and multiple scattering properties. Structural properties, chemical functionality as well as particle size distribution (PSD) are some special intrinsic characteristics having the dominant effect on the electromagnetic properties of these types of absorbents. 4, 8, [18] [19] [20] [21] For example, Huang et al. 22 investigated the effect of pore texture of sol-gel derived resorcinol-furfural on EM characteristics of the mesoporous carbons. It was concluded that the synthesized porous carbons with a cage-like structure exhibited interesting electromagnetic properties in terms of the real and imaginary parts of the permittivity. Du et al. 23 examined the carbonization temperature on the electromagnetic absorption properties of the ordered mesoporous carbons in K band frequency. They found that the pyrolyzed mesoporous carbons at 650 C demonstrated a considerable reection loss of À27 dB at 16.1 GHz. Li et al. 24 studied the electromagnetic absorption properties of CNF and porous-CNF composites. The results conrmed that the composite containing 6 wt% of porous CNF exhibited the maximum reection loss of À31 dB at 9.7 GHz. As yet another example, Yin et al. 19 reported a successful method in the preparation of mesoporous carbon hollow microspheres (PCHMs) with enhancement in electromagnetic absorption. They found that a composite containing 20 wt% PCHMs demonstrated a competitive electromagnetic absorption performance in the X band frequency.
Carbon aerogels (CAs) are low-density nano/micro-porous materials, consisting of continuous porosities accompanied by the ordered assembly of carbon particles. Generally, this type of materials produced by carbonization of sol-gel derived organic precursors. 25, 26 They are used in many various engineering applications such as super thermal insulation, hydrogen storage, catalyst applications, and electrochemical double-layer capacitors. High porosity (>80%), large surface area (400-2700 m 2 g À1 ) and tunable structural characteristics are their valuable intrinsic properties. [25] [26] [27] [28] Hence, special efforts have been made to modulate the synthesis and processing conditions to tune the CAs structures for their target applications. Among the large variety of CAs precursors, resorcinol formaldehyde (RF) aerogels are still the primary commercial source to produce CAs. 29 Concerning the electrical application point of view, a great deal of attention has been paid to investigating and synthesizing high performance 3D interconnected RF-based CAs as targeting materials.
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However, restricted information exists on the EM wave absorbing properties of RF-based CAs.
The present study aims at producing RF-based CAs as X-band MA components. The samples are synthesized by carbonization of sol-gel derived RF aerogel at 950 C under argon (Ar) atmosphere. The inuences of PSD and mass fraction are investigated on dielectric and microwave characteristics of the corresponding CAs/PMMA composites. The electromagnetic characterization of CA composites was specied via transmission/reection line method in the X-band frequency. Initially, the optimal PSD determined by investigating the effective EM attenuation performance, maximum absorption bandwidth below À10 dB, of the prepared CAs/PMMA composites sharing the same mass loading but different particle sizes. Next, in order to assess the impact of ller content on the MA performance of CAs, the EM attenuation properties of the selected CAs were measured as a function of mass fraction ranging from 1 to 15 wt%. With the best knowledge of the authors, this is the rst study about the comprehensive investigation of the effects of PSD and mass fraction on electromagnetic and X-band microwave absorption performance of mesoporous resorcinol formaldehyde based carbon aerogel/PMMA composites.
Experimental

Materials
All chemicals including resorcinol ($99%), formaldehyde (37% wt), as starting materials, methyl methacrylate (MMA) and sodium carbonate, as polymer matrix precursor and catalyst, respectively, were purchased from Merck (Merck Chemical Co) and used without extra purication. Deionized water was used as solvent.
Sample preparation
The organic RF aerogel was prepared by reaction between resorcinol and formaldehyde under basic condition. In a typical procedure, 5 g resorcinol (0.0454 mol) was dissolved in 16.882 g (0.93 mol) of distilled water. Aer mixing and homogenizing with 9.74 g (0.68 mol) of 37 wt% aqueous formaldehyde, the prepared solution was mixed with 0.954 g of sodium carbonate solution with the molarity of 0.0119. The nal solution was stirred for 30 min and poured into glass vials which were then sealed and cured at 60 C for 2 days for the purpose of both gelation and the aging of the wet gels. Over the period of 2 days, the initially colorless solution became dark red when the RF wet gel formed. To dry and control the exerted capillary pressure, the samples with 180 ml of water were placed in a stainless steel vessel. The insulated system was heated gradually to reach the elevated temperature and pressure of 200 C and 16 bar, respectively, followed by a sudden drop in system pressure. Under such condition, the vessel pressure reached the atmospheric pressure at constant temperature (200 C). Through this operation, RF aerogels with lower degree of shrinkage can be produced.
The carbonization process of the RF aerogel was conducted as follows: the samples were placed in an electrical ceramic type furnace and heated from ambient temperature to 600 C under Ar atmosphere at a heating rate of 7 C min
À1
. Then the samples were heated to 950 C at a heating rate of 3 C min À1 with no delay. Finally, the samples were held at 950 C for 2 h and then the furnace was cooled down to room temperature naturally under the inert condition. Finally, the synthesized CAs were ground into the ne particles using a planetary ball mill. The PSD of the samples was controlled by variation of milling time from 1 to 6 h and the samples were named as Gr-n, in which n represents the grinding time in h. For the purpose of dielectric characterization, the prepared CAs was dispersed in a MMA monomer with the help of an ultrasonic bath and a magnetic stirrer. Then, CAs/MMA monomer mixtures were casted into a rectangular shaped mold with a certain size tting the waveguide dimensions (i.e. 0.4 Â 0.9 inch 2 ) and cured in an oven for 12 h. The optimal PSD was determined by investigating the EM attenuation performance of the prepared CAs/PMMA composites in term of maximum effective absorption bandwidth. Aer that, CAS with the optimal PSD was selected for further experiments in order to specify the most effective weight percent. At this stage, composites with different load of CAs from 1 to 15 wt% were prepared and examined.
Characterization methods
The characterization of the as-prepared CA powders was specied by implementing various techniques. The graphitization level of the prepared CAs was investigated by X-ray diffraction method (X'Pert MPD, Philips, Holland, using Cu-Ka radiation). Chemical bond formation in prepared samples were studied by FTIR spectroscopy under transmittance mode, in the range of 400-4000 cm À1 using (Bruker Equinox 55LS 101 series, Germany). Morphology study of the CAs samples was conducted using FE-SEM (TESCAN, MIRA3 LMH/LMU). The PSD of CAs was evaluated by Fritsch particle size analyzer (MERC, Germany). The measurement of specic surface areas and pore analysis of CAs were performed at 77 K by nitrogen (N 2 )
physisorption on a BELSORP-mini II (Bell Japan Inc.) analyzer. The microwave absorbing performances of CA composites were evaluated on an Agilent E8362B vector network analyzer in the X-band frequency region. The porosity percentage of the prepared CAs was measured using the following formula 33, 34 and found to be 82%.
where r a and r s are apparent (bulk) and skeletal density of the aerogels, respectively. The skeletal density was measured by helium pycnometer (HelPyc Che-1701, Omid Petro Energy Khavaran CO) and found to be 1.831 (g cm À3 ). The apparent densities of the CAs were evaluated by calculating the ratio of the measured mass to unit volume of the carbons.
Electromagnetic considerations
In this research, the electromagnetic and reection loss properties of CAs composites are calculated according to transmission line theory and the perfect electric conductor (PEC) model, respectively. As implied by the model, wave impedance at the interface of air/absorber is expressed by the following equation;
8,35,36
where m r and 3 r represent complex relative magnetic permeability and electrical permittivity of the absorber, respectively. Z in , Z 0 , f, C and d stand for the wave impedance at interface, wave impedance in free space (377 U), the wave frequency, velocity of the light and the thickness of the absorber, respectively. The reection loss (RL) of the absorber can be calculated using the following equation:
4,22,37
The dip in RL indicates higher absorption ability of EM wave at a certain frequency for a particular sample thickness.
It is well known that, the thickness of EM absorbers is a determining factor to both the position and intensity of the maximum RL. 4 Hence, in this research the thickness of samples is optimized based on geometrical effect for simplicity of comparison. Under geometrical effect, microwave absorbers show their maximum absorption loss, which is ascribed to the thickness of absorber (t m ) when the following equation is satised; 4, 24, 38 
where l m and l 0 stand for the wave length in the absorber and in free space at a certain frequency, respectively. |3 r | and |m r | are also moduli of complex permittivity and permeability, respectively. In this research, with respect to the geometrical effect, the thickness of the absorbers is xed in a way that the maximum RL of EM occurs at 10 GHz.
Results and discussions
Pore texture analysis
The nitrogen adsorption-desorption isotherms as well as pore size distributions for the grinded CAs samples are shown in Fig. 1 . As illustrated, the sorption isotherm shows a rapid rise at low relative pressures, which then gets horizontal plateau at higher relative pressures. According to IUPAC classication this behavior is characteristic of type I isotherm, which conrms that during carbonization, micropores were developed in the CAs.
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Adsorption-desorption isotherms of the CAs also exhibits a type-IV IUPAC with hysteresis loop of type-H3. This type of hysteresis loop with the out-of-level N 2 adsorption at high relative pressures (P/P 0 ¼ 0.99) is characteristic of capillary condensation in mesoporous structures, as well as the plate-like particles which give rise to slit-shaped pores. 39, 41, 42 This nding is further proved by estimated pore size distribution from BJH method.
Pore size distribution of CAs is evaluated by BJH method, which is present in the inset of Fig. 1 . As depicted, in all samples a broad pore size distribution from micro to mesopore size is observed, which is varying from 1 to 40 nm and not distributed uniformly. Main pore sizes in CAs were found to be 1 and 40 nm, which is indicative of micro and mesopore size, respectively. Similarity of the pore size distribution for the samples grinded in different time is an evidence conrming that grinding time does not affect the pore texture of CAs.
The variation of specic surface areas of the samples as a function of grinding time is tabulated in Table 1 . Although increasing of grinding time creates smaller grains, it does not affect total specic surface area signicantly. Specic surface area of CAs increased about 10% from 561 to 618 (m 2 g À1 ) when the grinding time varied from 1 to 6 h, respectively.
Morphology study and particle size analysis
Effect of grinding time on morphology and PSD of the prepared CAs is illustrated in FE-SEM graph (Fig. 2) . The FE-SEM micrographs conrmed that the porous CAs are made of interconnected nano-metric particles. The average particle size is calculated using analytical method and found to be $43.5 nm under the spherical shape assumption of carbon particles. The observed pore size values were also consistent with pore size distribution of N 2 physisorption measurements. The structural observation revealed that all grinded CAs have highly ordered 3D porous structure with the same values of pores and particle sizes. On the other hand, as indicated in BET and BJH analysis, morphology observation revealed that, pore characteristic of CAs was not affected by grinding process.
The PSD analysis from CAs samples also conrms what the SEM graphs show. PSD of the samples decreases while the grinding time increases. As illustrated in Fig. 2 the amount of the particles with PSD below 10 mm are 45%, 63%, 74% and 82% in the samples grinded for 1, 2, 4 and 6 h, respectively.
The observed pore size values were also consistent with pore size distribution of N 2 physisorption measurements. The structural observation revealed that all grinded CAs have highly ordered 3D porous structure with the same values of pores and particle sizes. On the other hand, as indicated in BET and BJH analysis, morphology observation revealed that, pore characteristic of CAs was not affected by grinding process. The PSD analysis from CAs samples also conrms what the SEM graphs show. PSD of the samples decreases while the grinding time increases. As illustrated in Fig. 2 the amount of the particles with PSD below 10 mm are 45%, 63%, 74% and 82% in the samples grinded for 1, 2, 4 and 6 h, respectively.
XRD Analysis
In order to study the development of crystallinity in CAs, the XRD analysis was carried out and the results is presented in Fig. 3 . Since all XRD patterns of CAs are similar to each other, here only one of them is presented as an example. The two broad peaks positioned at 2q ¼ 24 and 42 correspond to the reections of (002) and (100) planes of graphite, respectively. 22, 29, 35 Since the peak intensity of d 002 plane in CAs is weak, it is concluded that the CAs structure consists of low degree of crystallinity.
FTIR analysis
FTIR spectroscopy is used to study surface chemistry and the changes in chemical functional groups during the pyrolysis of RF aerogel. The FTIR spectra of RF aerogel and corresponding CAs are shown in Fig. 4a and Fig. 4b , respectively. Since all FTIR spectra of the grinded CAs are similar to each other, here only one of them is presented. The broad peak at 3422 cm À1 corresponds to the -OH group on the resorcinol ring in RF aerogel. The peaks at 1460 and 2925 cm À1 are related to the stretching vibration of CH 2 groups. The peak at 1614 cm À1 also corresponds to the benzene ring stretching. The observed peaks at 1091 and 1220 cm À1 conrm the stretching of C-O-C linkage between resorcinol molecules which is created during sol-gel reaction. [43] [44] [45] As shown in Fig. 4b 1 to 6 h, the 3 0 r values shown a relative 26% rise from 14.4 to 18.16 at 10 GHz. As indicated in Fig. 5 , by only enhancing the time duration from 4 to 6 h less variation could be recorded for 3 0 r (almost 10%). By increasing the grinding time 3 00 r also has led to similar alteration as those happening in real part of permittivity. The reason behind such variation in permittivity parameters is closely related to the theoretical density of composite powders and the rule of mixtures. According to theoretical density, when CAs are milled into ne particles the density of the proceeded CAs decreases. 7, 19 Hence, in composites with the same mass content of CAs, the volume fraction of the prepared CAs with the longer milling time is higher than those proceeded carbons under the shorter milling time. This would lead to a better conductivity in the samples, which in turn enhances the permittivity level.
It should be noted that, in this research the CAs are dielectric absorbers with no magnetic susceptibility so the values of complex magnetic permeability can be disregarded (i.e. m 0 r ¼ 1, m 00 r z 0). In dielectric absorbers, the dielectric loss tangent (tan d 3 ¼ 3 00 /3 0 ) is an important parameter to evaluate the EM attenuation capability of absorber when the permittivity meets the impedance matching requirements. 49 The tan d 3 of CAs composites were calculated based on the real and imaginary parts of permittivity and shown in Fig. 6 . The tan d 3 of samples exhibited nonlinear behavior with bimodal characteristic. The positions where tan d 3 uctuations occur are exactly similar to the resonance peaks of 3 00 r , which is attributed to interfacial polarization. 50 The values of tan d 3 increased gradually from 0.36 to 0.55, at 10 GHz, as the milling time increased from 1 to 6 h.
EM absorbing characteristic. Microwave attenuation is a process of depletion and transformation of electromagnetic power into thermal energy. 51 Generally, the measured dielectric parameters at the desired frequency are used to determine the RL of incident EM wave in materials. 4, 17, 20, 49 Fig. 7 shows the calculated RL of prepared CAs composites in the range of 8.2-12.4 GHz as a function of PSD. It can be clearly seen that the milling time has noticeable effects on the microwave absorbing performance of CAs composites. It was observed that except Gr-6 samples, effective absorption bandwidth become wider when the PSD of CAs turns into ner particles. The results also show that, the minimum reection loss typically declined when the time of milling increases. On the other hand, when the prepared CAs have the larger particle sizes (see SEM analysis), their corresponding composites exhibit stronger RL. The reason for such observation might be hidden in the effective permittivity of medium. According to the Maxwell-Garnett (MG) theory, the value for effective permittivity in a medium can be measured from the following formula;
where, 3 1 , 3 2 stand for the permittivity of materials at solid and gas states, respectively and p is the volume fraction of the guest in the effective medium. Here, one can realize that the permittivity of the gas is considered as 1, while solid state materials have permittivity values higher than 1 (ref. 53). Thus, from the MG theory it can be concluded that in a medium as MA, the effective permittivity would decrease with increasing the void content. In the current study, from the BET and SEM analysis we nd that the prepared CAs have porous characteristic with the broad pore size distribution from micro to meso size regions. Thus, in such porous structure, the effective permittivity of CAs composites declines, which would improve impedance matching of CAs composites and enhance EM wave absorption especially when the particle sizes are larger. On the contrary, the milling process has a destructive effect on the porous structure of CAs when they turn into smaller particle sizes. Therefore, both electrical conductivity and effective permittivity increase, hindering the entrance possibility of EM waves inside the CAs composites. 3, 8, 24 Moreover, in addition to general absorption mechanisms, multiple reections of microwaves in CAs composites also lead to an additional loss mechanism of EM energy, which is based on the interference of reected waves inside CAs particles. 8, 18, 22, 48, 52 In comparison with the typical carbon-based absorbers, depends on synthesis procedure CAs possess pores with different sizes and shapes within their structure, which could provide additional pathway for the absorption of EM waves. 22 Hence, under the above circumstances, preparation of CAs composites with larger particle sizes results in better impedance matching condition under which the EM waves are retract and attenuate when penetrate through the carbon particles. It can be concluded from the results that at constant mass loading of 10 wt% the Gr-1 sample displays the strongest microwave absorbing capability of $À42 dB at 10 GHz while Gr-4 sample shows the widest effective absorption bandwidth of 3.7 GHz (from 8.5 to 11.5 GHz) with RL less than À10 dB.
To investigate the effect of ller content on MA performance of the prepared composites, the dielectric and electromagnetic and attenuation characteristics of CAs/PMMA composites were measured as function of CAs mass loading. For this purpose, desire amounts of Gr-4 samples, as CAs with the widest effective absorption wide band, were mixed with PMMA monomer to prepare composites with varied mass fractions of CAs from 1 to 15 wt%. As shown in Fig. 8 , both 3 composites along with the formation of a 3D conductivity network in PMMA matrix. [56] [57] [58] Beside other parameters inu-encing attenuation property of EM waves, reaching electrical percolation can signicantly increase conduction loss in composites lled with CAs particles and in turn promote the 3 00 r value signicantly ($190%). Fig. 9 , illustrates the RL of the prepared composites with different CAs content. As shown in Fig. 9 , when the composites are combined with the low content of CAs, the corresponding composites show weak RL. On the contrary, by increase in CAs content, RL values show the enhanced attenuation performance especially when the CAs content reach the mass fraction level of 7 wt% or higher, which is corresponding to the electrical percolation point. As revealed in Fig. 9 , maximum RL of composites improved from À0.6 to À48 dB when the CAs mass fraction varied from 1 to 7 wt% and declined to À10.8 dB (at 10 GHz) when CAs mass loading varied from 7 to 15 wt%. As mentioned previously, materials with a higher value of 3 00 r suggest enhanced overall EM losses, which induce higher attenuation characteristic. However, as presented in Fig. 9 , relative to the composite containing 7 wt% of CAS, prepared composites under the excessive mass fraction of CAs from 7 wt% possess weaker absorbing capability.
On the other hand, when the mass fraction of CAs increases from 7 to 15 wt% the RL of the CAs composites decreases from À48 to À10.8 dB (at 10 GHz). To explain this behavior, impedance matching of the composites is another key factor to estimate the EM absorption performance, which should be balanced between the medium of propagation and absorber surface. The impedance matching level of CAs composites containing different content of CAs can be calculated in the following equation and is presented in Fig. 10 ;
where K and M values could be determined from complex dielectric parameters. Smaller delta value implies better EM impedance matching.
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As revealed in Fig. 10 , when CAs contents increased from 1 to 7 wt% the D value decreased from 3.25 to the minimum value of 0.22 (at 10 GHz) implying better impedance matching in CAs/ PMMA composites. On the contrary, the value of D for composites containing 10 and 15 wt% of CAs increased again to a maximum of 0.72, which implies poor impedance matching. Under such conditions, a strong reection of EM wave occurs when the EM waves meet the surface of the absorber, which would restrict the absorption of EM waves inside the absorber. It should be noted that impedance mismatching is also another reason for decreasing the RL of CAs composites, when the CAs particles proceeded under longer milling time (see Fig. 7 ).
To better understanding the reason for high attenuation performance in CAs composites, Fig. 11 , illustrates the possible absorption mechanisms of EM waves in the prepared samples. Firstly, when the EM waves retract into the CAs composites, the external multiple reections accompanied with the conduction loss are the primary attenuation mechanisms of the prepared composites. Formation of a conductive network at percolation threshold improves MA performance of CAs composites by migration and hopping the electrons through the composites. Secondly, presence of pores in CAs can cause multiple reection and scattering of EM waves inside the CAs particles which would in turn prolong the travelling path of EM waves and transforming more EM energy into heat. Besides multiple scattering and conduction loss mechanisms, polarization is also another important factor for excellent MA ability of CAs composites. In case of CAs, interfacial polarization occurs due to the existence of multiple interfaces and the difference in electrical conductivity between carbon particles-PMMA, carbon-carbon clusters, and the carbon particles-trapped air in the pores. Moreover, nanoporous structure of CAs with high specic surface area could dramatically increase the probability of polarization. High specic surface area of CAs causes the formation of more defects in the pore walls and thus brings more interface polarization. Table 2 , reects a comparison between the prepared CAs composites and the recently reported porous carbon-based composites. It is well known that, effective absorption gap accompanied with RL are the most important parameters for microwave absorbers. The excellent MA performance of CAs composites is closely related to the well-tuned dielectric characteristics as well as the synergetic effect of CAs morphology. Formation of CAs with such porous characteristic accompanied with formation of conductive network enhanced the MA properties of CAs composites in terms of absorption intensity and effective bandwidth.
Conclusion
In this series of experiments, dielectric and MA characteristics of sol-gel derived RF based CAs/PMMA composites was investigated as a function of PSD and CAs mass loading. The provided data suggest that both PSD and ller content play dominant role in tuning EM absorption performance of CAs composites. The prepared CAs composites exhibit superior performance at a lower mass loading, thickness and broadband absorption characteristic. Combination of the above properties indicates a promising perspective for the implementation of CAs composites to development of lightweight high performance MA. The impedance matching condition and RL of the composites were improved by tuning the addition amount of CAs due to the enhancement of interfacial polarization, dipolar polarization and formation of conductive network. It can be concluded from the results that at constant mass loading of 10 wt% the Gr-1 sample displays the strongest microwave absorbing capability of $À42 dB at 10 GHz while Gr-4 sample shows the widest effective absorption bandwidth of 3.7 GHz (from 8.5 to 11.5 GHz) with RL less than À10 dB.
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